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A B S T R A C T   

Our aims were to describe the role of the selective management of regenerating community (RC) on the recovery 
of ecosystem functions in production areas of African mahoganies under mixed stands and agroforestry systems, 
established on abandoned farmland. A randomized block experiment was set up with the following treatments: 
(T1) mixed-plantation of African mahogany under conventional system (including herbicide application); (T2) 
mixed-plantation of African mahogany with selective conduction of RC; (T3) agroforestry system with African 
mahogany; (T4) agroforestry system with African mahogany with selective conduction of RC. The parameters of 
horizontal structure, diversity and ecological attributes of species of the regenerating community were studied. 
In addition, the production of aboveground biomass and nutrient stocks, soil fertility, and soil microbial activity 
were assessed. In T1, herbicide application (glyphosate) affected the floristic composition of the regenerating 
community by reducing the dominance of monocots and Pteridium arachnoideum, allowing the regeneration of 
other taxonomic groups of herbaceous species. In response, there was a reduction in the litter biomass stock 
comparing to the other treatments. The treatments with selective management of the RC (T2 and T4) produced 
more biomass and accumulated higher amounts of C and nutrients than the conventional treatments (T1 and T3). 
These treatments also allowed other shrub and tree species to overcome the ecological filter imposed by grasses 
and colonize the experimental area. Baccharis dracunculifolia, Vismia guianensis, Cecropia pachystachya and Inga 
sp. were the most important regenerating species that contributed most to the stocks of all nutrients in living 
aboveground biomass. Pruning and selective management in T4 increased the soil effective cation exchange, 
while in the T1 treatment there was a lower activity of the β-glucosidase enzyme. The selective management of 
RC in agroforestry systems through the manipulation of competitive relationships allowed the colonization of 
native tree and shrubby species that provide several additional ecosystem services, including pollination, fauna 
attraction, food production, pest control and environmental regulation for the agroecosystem.   

1. Introduction 

Agroforestry systems allow species diversification which increases 
the agricultural production, while offering other economic, social and 
environmental benefits to farmers (Altieri, 2012; Jose, 2009). In addi-
tion, they could contribute to the restoration of degraded tropical 
terrestrial ecosystems (Miccolis et al., 2016; Santos et al., 2019). One 

important restoration strategy is the use of secondary succession as a 
catalyst for forest restoration (Chazdon et al., 2017; Chazdon and 
Guariguata, 2016; Vieira et al., 2009). Agroforestry systems that 
combine wood and food production along with regenerating community 
(RC) management are known as successional agroforestry systems, since 
they attempt to simulate forest environment, in terms of diversity, 
structure and successional dynamics (Young, 2017) 
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When successional agroforestry systems are established in aban-
doned agricultural areas, dominated by invasive grasses and ferns, 
weeding operations are often needed such as selective mowing to favor 
the growth of regenerating shrubs and trees. These species may undergo 
successive regimes of pruning and deposition of its biomass on the soil 
surface (Vieira et al., 2009). The frequency of these operations is 
conditioned to site resilience, regulated by duration and intensity of 
previous soil use and/or by the proximity to forest fragments (Chazdon, 
2014; Holl, 2007). Therefore, the organic matter added to the soil 
through the management of successional agroforestry systems can pro-
vide a nutrient-rich substrate for the invertebrate fauna and soil 
microbiota, improving nutrient cycling and soil fertility levels to sustain 
agroforestry production (Peneireiro, 1999). 

Cezar et al. (2015) report that multi-stratified agroforestry systems 
(denomination analogous to successional agroforestry systems) at 5 and 
10 years of age, under agroecological management (without external 
inputs), presented diversity of soil fauna and microbial activity similar 
to an area maintained in natural regeneration for 10 years. These results 
suggest that multi-stratified agroforestry systems are capable to main-
taining edaphic processes vital to the ecosystem functions, as well as 
producing food and generating income for farmers, when compared to 
areas under natural regeneration. 

Changes over time in floristic structure and composition of regen-
erating plant communities promote a rapid accumulation of C and nu-
trients in the above-and belowground biomass (Froufe et al., 2011). As 
the regenerating community grows the topsoil becomes more enriched 
with organic matter, the nutrient cycling is intensified and there is an 
increase in soil fertility and carbon sequestration (Chazdon, 2008; Sang 
et al., 2013). In addition, regenerating plants may increase the avail-
ability of resources for pollinators and dispersers and create favorable 
microhabitats for the population of natural pest enemies, as well as for 
species of agroforestry interest that are shade tolerant and/or sensitive 
to windthrow (Chazdon, 2014; Chazdon and Guariguata, 2016). It 
demonstrates that hich are some valuable ecosystem functions (sup-
porting and regulating) that could be improved by forest management. 

The practice of successional agroforestry systems and the ecological 
benefits have been widely disseminated in the tropics (Young, 2017). 
However, the effects of the management of regenerating plants in pro-
ductive systems has been little explored in field experiments that seek to 
measure the benefits of successional agroforestry in relation to the 
conventional managed agroforestry systems. In this context, we put 
forward the hypothesis that successional agroforestry with selective 
management of RC increase the provision of ecosystem services when 
compared to less complex systems managed under conventional prac-
tices. More specifically, we compared: (i) the diversity and accumulation 
rate of aerial biomass, C and nutrients; (ii) the soil fertility levels, 
intensification of soil microbial activity; and (iii) the availability of re-
sources and habitats, favoring biotic interactions. In order to test our 
hypothesis, we characterized and described the effects of selective 
management of RC on the recovery of ecosystem functions in mixed 
plantations and agroforestry systems with African mahoganies estab-
lished in abandoned farmland. 

2. Material and methods 

2.1. Characterization of the study area 

The study was carried out at Fazenda Sucupira, a farm located in the 
municipality of Valença (13◦19′55′′S, 39◦18′41′′W), Southeastern of 
Bahia state, Brazil. The vegetation is characterized by ombrophilous 
dense submontane forest of the Atlantic Forest. The predominant soil 
class is the dystrophic Yellow Argisol, with a sandy surface horizon 
(around 80% of sand), formed by clay eluviation, and a Bt horizon in 
sub-surface, characterized by more clayey texture. 

The climate of the region, according to the Köppen’s classification, is 
humid tropical type (Af) with rainy winters and drier summers (Alvares 

et al., 2014). The average annual temperature of the region is 23 ◦C. The 
highest maximum temperatures are recorded during the summer 
(ranging from 29 to 32 ◦C). From April onwards, the temperature de-
creases progressively until August, when the lowest minimum temper-
atures are recorded (ranging from 16 to 18 ◦C). The average annual 
rainfall is around 2,000 mm, well distributed throughout the year, and 
the period with the highest rainfall spans from May to September 
(Santos et al., 2018). 

The experiment was conducted in a flat area where swidden agri-
culture, which makes use of fire, took place for several years and the 
area was abandoned for almost 10 years. The area presented high 
dominance of capim-quicuio (Urochloa humidicola (Rendle) Morrone & 
Zuloaga), sapê (Imperata brasiliensis Trin.), tiririca (Cyperus sp.) and 
pteridium (Pteridium arachnoideum (Kaulf). Maxon). Prior the estab-
lishment of the experiment, the soil analyzes indicated low levels of pH, 
Ca, Mg and high Al contents (personal information provided by the 
owner). 

At the time of planting, 200 g of single superphosphate and 40 g of 
FTE BR 12 (micronutrient cocktail – B, Cu, Mn, Mo and Zn) were applied 
to each pit of the Khaya sp. trees. Four other fertilizations were made in 
topdressing, during the first two years after planting, totaling 400 g of 
NPK (18-27-9) per plant. Two years after Khaya spp. planting (summer 
2015), 2 Mg ha− 1 of dolomitic lime and 1 Mg ha− 1 of gypsum were 
applied to the soil surface in the total area. 

2.2. Experimental design and management description 

The experiment was established from a mixed plantation of two Af-
rican mahoganies species (Khaya ivorensis and Khaya grandifoliola). The 
seedlings were produced in the farm and the seeds were obtained from 
mother trees located in Reserva Natural Vale, Linhares, ES, Brazil. The 
experiment was installed in January 2016 when Khaya spp. trees were 
2.2 years old. These species were planted in a 7 × 3 m spacing in 
alternate rows. At the beginning of the experiment, soil chemical and 
physical characteristics were analyzed in order to examine changes in 
soil properties as they could be influenced by the experimental settings 
(Table 1). 

Four randomized blocks were established based on four dominant 
patterns of plant communities present in the area: capim-sapê (Imperata 
brasiliensis), capim-quicuio (Urochloa humidicola), tiririca (Cyperus sp.) 
and pteridium (Pteridium arachnoideum). In blocks 1, 2 and 3, the plots 
were 50 m × 21 m (1,050 m2), while in block 4, the plots were 30 m ×
35 m (1,050 m2). In each block, four experimental units (plots) were 
allocated, with the following treatments: 

T1: Mixed plantation of African mahogany with elimination of 
regenerating community (RC) by herbicide application; 

T2: Mixed plantation of African mahogany with selective manage-
ment of RC; 

T3: Agroforestry system of African mahogany with elimination of 
RC, without herbicide application; and 

T4: Agroforestry system with African mahogany with selective 
management of RC. 

To avoid the edge effect and the possible influence of neighboring 
plots, the area occupied by the central Khaya spp. trees was defined as a 
useful plot, excluding a line of plants along the perimeter of each plot 
(corresponding to an area of 525 m2). 

Treatments T3 and T4 constituted agroforestry systems in which 
perennial and annual agricultural and fruit species were introduced in 
the African mahoganies rows and interrows. Three pineapples (Ananas 
spp.) were planted between each African mahogany tree, in the planting 
rows using 0.5 m spacing. The cassavas (Manihot esculenta Crantz) were 
planted in double rows, at spacing 1 m × 1 m, and at 1 m of the tree 
rows. In the center of African mahogany interrows, fruit species such as 
banana (Musa spp.), cupuassu (Theobroma grandiflorum (Willd. Ex 
Spreng.) Schum.) and açaí (Euterpe oleracea Mart.) were alternately 
planted, distributed in the 7 × 3 spacing (same density as African 
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mahoganies). Also, in treatments T3 and T4, African mahogany plants 
with low development or dead were replaced by seedlings of Plathy-
menia reticulata Benth. (vinhático) and Dalbergia nigra (Vell.) Fr.All. ex 
Benth. (jacarandá-da-bahia or Brazilian rosewood), which are N2-fixing 
native tree legumes and with timber value. The replaced positions rep-
resented 20% (10% of each species) of the initial density of African 
mahogany plants in each plot. 

Fertilization of fruit species was performed with the application of 
250 g of natural phosphate (GAFSA) and 40 g of FTE BR 12. Similarly to 
African mahogany trees, four topdressing fertilizations were also carried 
out. In total, 400 g of NPK (18-27-9) were applied per plant, parceled 
between the first two years. Pineapple plants received a single fertil-
ization, equivalent to 30 g NPK (10-10-30) per plant. 

Until January 2016, at the beginning of the experiment, the man-
agement of RC and invasive plants was done through periodic selective 
cuttings, in order to release native regenerating tree species. It is worth 
pointing out that the existence and capacity of RC of shrubby and 
arboreal species in the studied sites were favored by the presence of 
large fragments of secondary forests surrounding the experimental area, 
in addition to the soil seed bank and resprouting from previously cut tree 
shoots. 

In treatments T1 and T3, all regenerating plants were eliminated at 
the beginning of the experiment; after this stage, in T3, the control was 
performed by mowing all the regenerating vegetation (in a non-selective 
manner), with the same frequency of selective mowing in treatments T2 
and T4. In T1, the management was similar to T3 up to 39 months. From 
the fortieth month after the African mahogany planting, regeneration 
was eliminated by an herbicide application (glyphosate). 

In treatments T2 and T4, RC and invasive plants were controlled by 
periodic selective mowings, which prioritized the cutting of dominant 
exotic plants (grasses and pteridium) in order to release shrubby and 
arboreal native plants to accelerate the progress of the secondary suc-
cession. In these treatments, RC was conducted in such a way that the 
growth of African mahoganies or other species introduced into the 
agroforestry system were not impaired. 

2.3. Vegetation inventory of the regenerating community 

The horizontal structure and floristic diversity of the RC were eval-
uated at 58 months after planting. The community was compartmen-
talized at two levels, as follows:  

• Level I: included herbs, shrubs and young trees, up to 50 cm height. 
Three subplots were allocated within the plots. The allocation was 
made by successive random launches of a 1 m2 PVC quadrant in the 
useful area of each experimental unit, corresponding to the area 
occupied by the most centralized plants (525 m2). Cover estimation 
was performed according to the Braun-Blanquet (1979), as described 
on Table 2.  

• Level II: included shrubs and trees with >50 cm of height. For the 
characterization of this stratum, a census was performed inside the 
useful plots. Height measurements were taken and the crown area 

(projection on the soil surface) of each individual was assumed as a 
cover measure. 

For the taxonomic identification of regenerating species, botanical 
material collections and photographic records were made for species not 
identified in the field, for further consultation to experts and/or searches 
for voucher materials available on the website of the Virtual Herbarium 
Reflora (Reflora, 2019). Besides the taxonomic identification, the in-
formation of endemism and natural distribution range of the species was 
also obtained in the Virtual Herbarium Reflora. When identification was 
not possible, individuals were classified into morphospecies, and the 
nomenclature “undetermined” was attributed, followed by a sequential 
numbering. 

2.3.1. Horizontal structure of the regenerating community 
The horizontal structure was evaluated based on density, dominance, 

cover, and frequency. Density was not evaluated at level I, due to the 
difficulty of individualizing some groups of plants such as grasses and 
rhizomatous or stoloniferous plants. As a measure of dominance, the 
average cover was used, according to the cover-scale of Braun-Blanquet 
(1979) (Table 2) for level I. On the other hand, the canopy projection 
was used to represent the dominance of the level II (Mueller-Dombois 
and Ellenberg, 1974). Frequency was determined for both levels. The 
Importance Value Index (IVI) and Coverage Value Index (CVI) were 
calculated (Mueller-Dombois and Ellenberg, 1974). 

2.3.2. Diversity of the regenerating community 
Diversity and equability at level I were not performed due to the 

methodology used, which did not account for the number of individuals, 
as explained above. Thus, the species richness analysis was the way to 
measure diversity at this level. On the other hand, at level II, the 
following indices were calculated: Richness (R), Jentsch mixture quo-
tient (MQ), Shannon index (H’), Simpson index (S’) and Pielou equa-
bility index (J’) (Mueller-Dombois and Ellenberg, 1974). 

2.4. Biomass and nutrient contents in the regenerating community 

The biomass of regenerating individuals was also estimated at two 
levels. At level I, exactly where the quadrant was placed for floristic and 
phytosociological sampling, the aboveground biomass was collected 

Table 1 
Soil chemical characterization at depths of 0–10, 10–20 and 20–40 cm of the experimental area.  

Depth pH Al H + Al Ca Mg K P Total C Total N SB* CEC** m*** BS**** 

(cm) (H2O) cmolc dm− 3 mg L− 1 % cmolc dm− 3 % 

0–10 5.73 0.08 4.70 1.83 0.57 0.10 1.19 1.29 0.11 2.50 2.58 3.10 34.72 
10–20 5.43 0.20 4.90 1.12 0.33 0.08 1.55 1.09 0.09 1.53 1.73 11.56 23.79 
20–40 4.91 0.49 4.67 0.52 0.19 0.04 0.77 0.75 0.07 0.75 1.24 39.51 13.84  

* Sum of bases. 
** Effective cation exchange capacity. 
*** Percent of Al saturation. 
**** Percent of base saturation. 

Table 2 
Braun-Blanquet (1964) scale adopted during community cover evaluation.  

Scale Cover-rate Mean cover 
(%) 

5 >3/4 of sampling area 87.5 
4 Ranging from 1/2 to 3/4 of sampling area 62.5 
3 Ranging from 1/4 to 1/2 of sampling area 37.5 
2 Ranging from 1/10 to 1/4 of sampling area 15 
1 Numerous or sparse individuals with <5% of sampling 

area 
2.5 

+ Few individuals with low cover 0.1 
R Rare plant with low cover 0.01  
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with pruning shears, cutting at the soil surface. The material was placed 
in paper bags and weighed in analytical balance (±0.01 g), before being 
taken to a forced-air oven at 65 ◦C, until constant weight. Subsequently, 
the samples were weighed again to determine moisture content. 

To represent level II, the 10 species with the highest IVI were selected 
(five shrubs and five trees species). Three individuals of each species 
were selected and felled. The aboveground biomass fractions (leaves, 
branches and stem) were then separated and weighed in the field to 
obtain fresh matter with a suspended digital balance (±0.1 kg). Sub-
samples of the components were collected and placed in paper bags to 
determine the moisture content and correction of the fresh mass. 

After drying, all biomass samples from levels I and II were grounded 
in a knife mill and then directed to the laboratory to determine the 
macronutrients contents (EMBRAPA, 2009). 

2.5. Stock and nutrient contents in the litter 

After floristic and aboveground biomass quantification (level I), all 
litter accumulated on the soil within the quadrant limits were collected 
using a rake. All organic material collected was placed in paper bags. 
Subsequently, the samples were taken to a forced-air oven at 65 ◦C for 
48 h and then weighed to obtain the dry mass. Contamination of the 
mineral fraction (from the soil) in the litter samples was corrected by 
passing the samples on a set of sieves, followed by manual separation. 
The mass of the mineral fraction was discounted from the total mass of 
the wet and dry samples. 

The samples were grounded in a knife mill and taken to the labora-
tory for chemical characterization. Macronutrient contents were 
analyzed according to methodologies proposed by EMBRAPA (2009). 
The nutrient content stored in the litter was estimated by the product 
between the content of each nutrient by dry biomass. The values of 
nutrient contents were expressed in kg ha− 1. 

2.6. Soil sampling 

Soil samples were taken at 29 and 58 months after planting. Soil 
samples were collected at 0–10 cm depth in six random points within the 
plots using a Dutch auger, with three samples collected in the planting 
rows, and three in the interrows. These samples were mixed to produce 
one compound sample per plot. Samples were placed in plastic bags and 
kept in ice-filled thermal boxes until arrival in the laboratory. The 
samples were sieved (2 mm) and subsamples were stored in a refriger-
ator (±5C) until the microbial analyzes (carried out in 15 days) or air- 
dried for chemical analyzes. 

2.7. Soil analyses 

2.7.1. Chemical soil analyses 
Subsamples of air-dried fine soil (<2 mm) were analyzed according 

to EMBRAPA (2017). Available P, soil pH, exchangeable acidity (H +
Al), Al+3 and base cations K+, Ca2+, and Mg2+ concentrations were 
evaluated (EMBRAPA, 2017). Also, the effective and potential cation 
exchange capacity, and the percent of base saturation (%BS) were also 
calculated. The total organic carbon content was analyzed according to 
Yeomans and Bremner (1988) and results converted to organic matter 
content. 

2.7.2. Soil microbial analyses 
For the evaluation of soil microbial biomass carbon (MBC), the 

fumigation-extraction method was used (Brookes et al., 1985; Vance 
et al., 1987). The C extracted in fumigated and non-fumigated samples 
were analyzed by colorimetry (Bartlett and Ross, 1988), and the values 
of MBC were obtained by applying a constant (Kc) equal to 0.35 on the C 
concentrations (Anderson et al., 2008). 

The soil basal respiration rate (SBR) was measured by the soil in-
cubation method using NaOH as a trap, according to Silva et al. (2007). 

Also, the microbial quotient was obtained by the ratio of MBC to the 
total organic carbon. Soil microbial activity was measured by determi-
nation of hydrolysis of fluorescein diacetate (FDA) (Schnurer and 
Rosswall, 1982). Additionally, the activities of phosphatase, β-glycosi-
dase and arylsulfatase enzymes were evaluated spectrophotometrically, 
according to Tabatabai (1994) and Eivazi and Tabatabai (1988). 

2.8. Data analysis 

For the data obtained with the sampling of level I, a rarefaction curve 
was constructed, based on the number of samples collected, using the 
software EstimateS version 9.1.0 with 100 randomizations (Colwell, 
2006). 

To deal with the low sample intensity related to destructive sampling 
of biomass of the regenerating species (level II), we used the method-
ology proposed by Akindele and LeMay (2006). For this purpose, a 
cluster analysis was performed using the k-means method based on 
structural variables (height and crown area) and dry matter values of 
leaf, branch and stem of the sampled species. After defining the groups, 
the observed data of the species were pulled to form a more robust data 
set for each group. Then, the adjustment of allometric models was per-
formed to estimate the biomass of each fraction (leaf, branch and stem), 
using regression analyzes. The crown height and area or combination of 
both were used as predictive variables. This procedure allowed indi-
rectly to estimate the biomass of individuals that were not quantified by 
the destructive method. It should be highlighted that rare or low IVI 
species were not included in the aboveground biomass estimation of the 
RC and, therefore, we recognized that the values of this study are 
underestimated. 

After checking normality and heteroscedasticity, the data on soil 
fertility, soil microbial activity, aboveground biomass and nutritional 
contents were submitted to analysis of variance (ANOVA) considering 
the completely randomized block design. Data with non-normality and 
heteroscedasticity underwent logarithmic transformations. Thereafter, 
the means of all variables were discriminated by F test (p < 0.05) and 
compared by Tukey test (p < 0.05). The nutritional contents in the 
aboveground biomass fractions of the shrub and tree species (level II) of 
treatments T2 and T4 were analyzed using the t-student test. The R 
software was used for the parametric analyzes, through the ExpDes 
package (Ferreira et al., 2013). Then, a principal component analysis 
was performed to better understand the patterns associated with soil 
quality in the different experimental treatments, and the groups were 
compared by PerMANOVA. For this, we used the vegan package (Oksa-
nen et al., 2017), also available for R (R Development Core Team, 2018). 

3. Results 

3.1. Floristic and phytosociological description 

At level I of the RC, 32 species were found, distributed in at least 13 
different botanical families. At this same level, the families with the 
greatest species richness were Asteraceae and Poaceae (both with 7 
species) (Supplementary data 1A). Whereas in level II of the RC, 33 
species were found, nine of which also had individuals sampled at level 
I. Thus, a total richness of 56 regenerating species was found at both 

Table 3 
Regenerating community level II diversity parameters.  

Parameter Value 

Total number of individuals 258 
Total number of species 32 
Jentsch’s mixture quotient (QM) 0.12 
Simpson’s index (S’) 0.91 
Shannon’s index (H’) 2.74 
Pielou’s equability index (J’) 0.79  
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levels. From such species, four are endemic to the region, five are 
naturalized and 37 are native. Nine species were identified only up to 
the family level and five others could not be identified at any taxonomic 
level (Supplementary data 1A). 

The rarefaction curve did not reach an asymptote, but the tangent 
calculated on the largest sample size was approximately 0.2. In addition, 
the model used estimates that the proportion of species found was about 
98%, which can be considered a good sample effort. Such values suggest 
that there would be a slight increase in species diversity (level I) with the 
increase in sample effort, showing that the sampling used was sufficient 
to characterize species richness in the experimental area (Fig. 1) 
(Jiménez-Valverde and Hortal, 2003). 

In general, the species with the largest CVIs were: Urochloa humid-
icola, Hydrocotyle bonariensis, Imperata brasiliensis, Cyperus sp., Sphag-
neticola trilobata and indeterminate 1 (Asteraceae). However, the 
importance of the species varied according to the type of management. 
In the T1 treatment, for example, it was observed that the species 
S. trilobata, H. bonariensis and indeterminate 1 (Asteraceae) were the 
ones that presented the highest CVIs (Fig. 2). On the other hand, in T2, 
T3 and T4, the species U. humidicola, I. brasiliensis, H. bonariensis and 
Cyperus sp. were always among the most important in level I (Fig. 2). 

The level II of the RC was evaluated only in treatments with selective 
management of the RC (T2 and T4). Jaccard’s similarity between the 
two treatments was 0.64, indicating that the plots of these treatments 
presented high floristic similarity. In addition, the species with the 
highest IVI occurred in the plots of T2 and T4 in similar proportions 
(data not presented). 

The parameters of the horizontal structure of level II of the com-
munity are described in Supplementary data 3A. The species with the 
largest IVIs were: Baccharis dracunculifolia, Vismia guianensis, Cecropia 
pachystachya, Inga sp., Pleroma heteromallum, Mikania sp., Bactris ferru-
ginea, Solanum crinitum, Cyrtocymura scorpioides and Lantana camara. 
B. dracunculifolia and V. guianensis were the two species with the highest 
density, frequency and dominance rates. P. heteromallum, in turn, stood 
out for presenting high relative density values, suggesting that in-
dividuals of this species occurred in clumps within the plots. On the 
other hand, Inga sp. and C. pachystachya were relevant because they 
presented higher dominance, due to the large size in relation to the in-
dividuals of the other species. Other important species were Mikania sp., 
L. camara, B. ferruginea, C. scorpioides and S. crinitum, which presented 
intermediate values of frequency, density and dominance in relation to 
the previously mentioned species. 

3.2. Aboveground biomass estimates 

At level II of the RC, 258 individuals (about 566 individuals/ha) were 
distributed among 32 different species (Table 3). The clustering analysis 
of the ten species with higher IVIs (level II) showed that the data set with 
dry matter information of biomass fractions (leaves, branches and stem) 
and structural information (crown area and height) of the sampled in-
dividuals could be organized into three groups (1, 2 and 3), especially 
along the first principal component (PCA1), as shown in Fig. 3. Thus, 
information of all individuals measured in the vegetation inventory was 
pulled according to the group referring to each species. The combination 
of these data allowed the adjustment of allometric equations for esti-
mating the dry matter of leaves, branches and stem for each group of 
species (Supplementary data 1B). 

The biomass estimation equations for group 1 were reasonably 
adjusted to the data set, especially for leaves and stem (values of R2 

equal to 0.40 to 0.24, respectively), and their coefficients were signifi-
cant (Supplementary data 1B). In addition, the equation for estimating 
the biomass of branches for group 1 was considered to be well adjusted 
(R2 equal to 0.72 and Syx of 1.7 kg individual− 1) (Table 7). For groups 2 
and 3, the equations for all fractions were well adjusted (R2 ranging from 
0.68 to 0.96) and with high significance (p < 0,001) of the coefficients β1 
and β2, except for the stem equation of group 3, which presented sig-
nificant coefficients at 10% (Supplementary data 1B). 

The litter stock in the T1 (1599.1 kg ha− 1) was significantly lower 
than the other treatments (T2, T3 and T4), which presented values be-
tween 3942.6 kg ha− 1 and 4941.7 kg ha− 1. There were no significant 
differences (p > 0.05) regarding biomass stock at level I (Table 4). 
Regarding level II of the community, aboveground biomass stocks for 
leaves, branches and stems fractions of arboreal and shrubby species 
also did not show significant differences (p > 0.05). However, the total 
biomass stock (sum of litter and regenerating plants biomass) was higher 
in T2 and T4 (10.462.2 and 12.411.0 kg ha− 1, respectively) in relation to 
T1 and T3 (4.182.7 and 6.979.4 kg ha− 1, respectively) (Table 4). 

3.3. Nutrient stocks 

In general, the T1 presented the lowest macronutrient contents of the 
litter stored on the soil, in relation to the other treatments (Supple-
mentary data 1E). There were no differences in litter nutrient stocks in 
T2, T3 and T4, except for Ca that was accumulated in a higher amount in 
the T2 (Supplementary data 1E). Regarding the nutrient stocks in the 

Fig. 1. Rarefaction curve for the 48 samples of the regenerating community (level I). Dotted lines indicate the upper and lower limit of the confidence interval at 
95% of probability. Parameters found: a = 2.2828; b = 0.0740. 
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biomass of the regenerating species at level I, no significant differences 
were found among the treatments (p > 0.05) for all macronutrients 
(Supplementary data 2E). For the level II, no differences were found in 
the nutrient stocks in the aboveground fraction of the shrubby species in 
T2 and T4 (both managed with selective cutting of RC) (Supplementary 
data 3E). However, for the tree species found in T4, the stocks of all 
nutrients in the aboveground fractions were significantly higher than T2 
(Supplementary data 4E). When considering the total stock of all nu-
trients, T2 and T4 showed significantly higher stocks compared to T1 
and T3 (Table 5). In comparative terms, regenerative management 
provided a greater total accumulation of all nutrients above the soil 
(taking into account the sum of the litter stocks and the aboveground 
biomass of regenerating vegetation), in relation to conventional man-
agement (Table 5). 

3.4. Soil atributtes 

There were no differences in pH values and in H + Al, Mg, K and soil 
organic matter among the treatments (Table 6). In treatment T3, P 
content was significantly higher (p < 0.05) than in T1 and T2, while T4 
presented intermediate levels of this element (Table 6). On the other 
hand, Ca contents, effective cation exchange capacity (t) and base 
saturation (V) presented higher values in T4 treatment compared to T1 
and T2 (Table 6). Potential cation exchange capacity (T) in T4 was 
higher than T2, with intermediate values for T1 and T3 treatments 
(Table 6). 

There were no differences among treatments in relation to MBC, 
qMic, FDA, arylsulfatase and phosphatase (P > 0.05) (Table 7). The T1 

treatment presented significantly lower values of SBR and β-glucosidases 
activity (P < 0.05), as compared to the other treatments (Table 7). 

The treatments were arranged through the principal component 
analysis based on the matrix of data of soil microbiological variables. 
The groups were ordered along the two principal components that 
explained about 60% of the total variance of the data (Fig. 4). The 
permutational multivariate variance analysis (PerMANOVA) indicated 
that at least one group was significantly different from the others (p =
0.201). Therefore, it is noted that the T1 treatment was specially sepa-
rated over the first principal component (PC1). The β-glycosidases ac-
tivity and the soil basal respiration were the variables that most 
correlated with PC1 and contributed to the separation of T1 treatment 
from the others. 

4. Discussion 

4.1. Management effects on the structure and compostion of the 
regenerating community 

In the T1 treatment, there was a change in floristic composition, 
especially in the groundstore (level I). It happened due to glyphosate 
application, a post-emergent, non-selective, and systemic action herbi-
cide, widely employed in chemical weed controls in reforestation and 
agricultural crops (Leles and Resende, 2017). This product has a wide 
spectrum of action against weed plants, including monocots and annual 
or perennial eudicots species (Ruas et al., 2012; Toledo et al., 2003). 
Desiccation with glyphosate caused a reduction in the dominance of 
grasses (Poaceae) that colonized our experimental area, such as Imperata 

Fig. 2. Main species of the regenerating community (level I) among the treatments, based on the importance value in percentage.  

Table 4 
Aboveground biomass estimation within each regenerating community level and litter stocks (kg ha− 1).  

Treatments Litter stocks Level I Level II Total 

Shrubby Arboreal 

Leaves Branches Stems Leaves Branches Stems 

T1 1599.1 
(±380.5) b 

2583.7 
(±335.0) a 

– – – – – – 4182.7 
(±833.4) b 

T2 4941.7 
(±873.3) a 

2613.1 
(±361.1) a 

194.2 
(±60.71) a 

523.5 
(±177.85) a 

400.8 
(±163.55) a 

309.0 
(±141.47) a 

509.8 
(±303.41) a 

970.1 
(±462.57) a 

10462.2 
(±525.1) a 

T3 3942.6 
(±562.4) a 

3036.8 
(±393.9) a 

– – – – – – 6979.4 
(±344.1) b 

T4 4823.0 
(±651.9) a 

2768.9 
(±311.7) a 

200.3 
(±112.41) a 

554.8 
(±315.09) a 

460.1 
(±283.12) a 

732.5 
(±309.21) a 

795.2 
(±320.34) a 

2076.2 
(±894.14) a 

12411.0 
(±1468.3) a 

Same letters in each column indicate absence of statistical differences between treatments, according to the Tukey test (p < 0.05). Values in parentheses represent the 
mean standard error. 
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brasiliensis, Urochloa humidicola, as well as Cyperus (Cyperaceae) and 
Pteridium arachnoideum (Dennstaedtiaceae). As weed dominance 
decreased, other taxonomic groups began to spontaneously regenerate 
from the soil seed bank and seed rain, including: S. trilobata, undeter-
mined 1 (Asteraceae), H. bonariensis, B. dracunculifolia, Marsypianthes sp. 
and C. scorpioides. 

In herbicide-free treatments, the dominance of P. arachnoideum and 
Poales (Poaceae and Cyperaceae) remained elevated. Many of these 
species have high resilience to mowing compared to eudicots. This is 
because they have rhizomes and runners that give them competitive 
advantages, such as accumulation of nutritional reserves and vegetative 
propagation for exploitation of surrounding areas, even if they are often 
mowed or grazed (Brighenti and Oliveira, 2011; Hempson et al., 2015). 
In addition, grasses are adapted to intense light and temperature con-
ditions (plants with C4 metabolism) and are highly efficient in water and 
nutrient use (Linder et al., 2018). After mowing, these plants regrow 
quickly and produce a lot of biomass in a short period of time, physically 

inhibiting the regeneration of other species, even with active dispersal of 
propagules from nearby forests. Therefore, the breakdown of grasses 
dominance becomes difficult when only mowing is carried out in areas 
with high infestation of these species. 

This situation has particularly occurred in treatment T3, where 
mowing operations have been carried out indiscriminately, suppressing 
the aboveground biomass of all regenerating plants. In this treatment, 
infestation of P. arachnoideum and grasses reached high levels and may 
extend for several years until they get shaded out by trees. Consequently, 
the agroforestry production can suffer severe negative impacts because 
of competition for water and nutrients or the production system may 
become very costly because of the need for frequent mowing and 
weeding. 

The productive systems managed with selective cuttings of the RC 
(T2 and T4) also exhibited a set of species very similar to T3 (level I). 
However, the selective mowing allowed that other shrubs and tree 
species (level II) to compete with weeds and colonize the area. Thus, the 

Fig. 3. Cluster analysis by the K-means method graphically represented by the sorting of species according to the principal components of structural variables (height 
and crown area) and biomass fractions (leaves, branches and stem) of species with higher IIV. Species: 1 – B. dracunculifolia; 2 – V. guianensis; 3 – C. pachystachya; 4 – 
C. scorpioides; 5 – P. heteromallum; 6 – Inga sp.; 7 – S. crinitum; 8 – L. camara; 9 – Mikania sp.; 10 – B. ferruginea. 

Table 5 
Total nutrient content in the aboveground compartments (litter and living biomass) of the regenerating community (levels I and II).  

Treatments N P K Ca Mg S 
kg ha− 1 

T1 45,54 (±8,70) b 2,68 (±0,60) b 43,81 (±9,98) b 31,46 (±8,29) b 7,96 (±1,67) b 4,47 (±0,94) b 
T2 87,25 (±8,03) a 5,20 (±0,74) a 61,99 (±5,24) a 84,82 (±9,42) a 16,16 (±1,40) a 8,65 (±0,57) a 
T3 60,53 (±6,83) b 3,71 (±0,33) b 49,04 (±8,99) b 39,29 (±9,82) b 11,75 (±1,30) b 6,02 (±0,85) b 
T4 89,93 (±16,36) a 5,97 (±0,60) a 63,48 (±10,94) a 66,66 (±24,54) a 17,76 (±3,40) a 8,50 (±0,68) a 
Differences between groups (%)* 67 85 35 114 72 64 

Same letters in each column indicate absence of statistical differences between treatments, according to the Tukey test (p < 0.05). Values in parentheses represent the 
mean standard error. * Mean difference between T2 and T4 versus T1 and T3, in terms of percentage. 
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management has changed the structure and floristic composition of 
these treatments through the manipulation of competitive relationships 
that favored some species over others. In addition, some of regenerating 
species had already colonized the site and were saved from mowing or 
resprouted from stumps – internal ecological memory (Chazdon, 2014) 
– inside the experimental plots. Hence, as shrubs and trees began to gain 
dominance in level II (the intermediary and upper strata), they provide 
shade that inhibited the growth of weeds, which are typically light 
demanding and highly water- and nutrient competitive species (Hooper 
et al., 2002; Vieira et al., 2009). 

The diversity indices were coherent with those obtained in other 
studies with natural regeneration in abandoned farmland of Atlantic 
Forest. Although we adopted a sampling method that differs from the 
other studies performed in regenerating forests in the same biome, 
especially regarding the size of plots and minimum inclusion diameter, 
which not allow direct comparisons with them, our results shows similar 
trends (Table 3). Piotto et al. (2009) studied a cronosequence of aban-
doned areas by swidden agriculture surrounded by remaining mature 
forests in northeastern Brazil and found values of H’ close to 3.0 nats/ 
individual (dbh > 5 cm) in areas with 10 years of regeneration after 
abandonment. In other regions within the Atlantic Forest, Siminski et al. 
(2011) found values of 3.0 nats/individual, 0.7 and 0.93 for the indices 
H’, S and J’, respectively, during initial stages of succession (0–8 years), 
in plots of 10 m × 10 m, where all the individuals (>1.5 m height) were 
identified and measured. Similar values were also found in the Amazon. 
Uhl et al. (1988), for example, assessed through transects all the trees 
(>2 m height) and found H’ and S’ equal to 2,86 nats/individual and 
0.73, respectively, after 5 years of abandonment of slash-and-burn 
agriculture. It suggests that the diversity found in the successional 
agroforestry systems of the current study is comparable to young sec-
ondary forests in the region. 

The successional trajectories of abandoned farmlands are strongly 
influenced by abiotic factors, the surrounding landscape, in addition to 
the intensity and duration of prior land use (Holl, 2007; Martínez- 
Ramos and García-Orth, 2007). The successional trajectory of the RC in 
T2 and T4 seems to follow trajectories already described for secondary 
forests in the region (Piotto et al., 2009; Salomão et al., 2012) with 
dominance of few pioneer tree species belonging to the genera Vismia, 
Cecropia and Solanum. The successional trajectories of abandoned 
farmland with high predominance of the genera Vismia and Cecropia 
have been associated to the intensity and duration of prior land use 
(Williamson et al., 2014). In Central Amazon, studies have already 
demonstrated that in the areas where the agricultural or livestock were 
more intense (including with fire use) and long-lasting, the resulting 
secondary forests were dominated by species of Vismia (Mesquita et al., 
2001). Many species of that genus also have capacity of resprout from 
root buds, after the fire passage (Wieland et al., 2011). On the other 
hand, Cecropia has been associated to less intense and lasting practices 
after the deforestation (Wieland et al., 2011; Williamson et al., 2014). 
Such findings corroborate our results as the experimental areas had 
records of different prior land uses, including: abandoned pastures, 
anthropic uses, and shifting cultivation with fire-clearing techniques. 
Thus, it is plausible that both genera were included among those with 
higher importance in the RC. 

The presence of woody taxa, in T2 and T4, such as X. sericea, 
B. sericea, Inga sp., A. pedicellaris, C. pachystachya and V. guianensis 
suggests that there was no stagnation of the secondary succession. Be-
sides, the management is allowing floristic turnover and favoring the 
emergence of native tree species. It is appropriate to highlight that 
naturally regenerated trees are currently forming the canopy of the 
experimental plots and very likely, these species will be replaced by 
more shade tolerant species with successional age. It could be inferred 
by the little abundance or non-occurrence of such taxa (V. guianensis, 
C. pachystachya, Inga sp.) at the level I of the RC. 

In addition to the natural regeneration from seed rain and soil seed 
bank, it is appropriate to highlight the role of some species which are Ta

bl
e 

6 
So

il 
ch

em
ic

al
 v

ar
ia

bl
es

 a
t 5

8 
m

on
th

s 
af

te
r 

pl
an

tin
g.

  

Va
ri

ab
le

 (
un

it)
 

Tr
ea

tm
en

ts
 

T1
  

T2
  

T3
  

T4
  

pH
 (

H
2O

) 
6.

2 
(±

0.
2)

 
a 

6.
6 

(±
0.

2)
 

a 
6.

4 
(±

0.
1)

 
a 

6.
5 

(±
0.

1)
 

a 
P 

(m
g 

dm
−

3 ) 
0.

6 
(±

0.
1)

 
b 

0.
6 

(±
0.

2)
 

b 
3.

9 
(±

1.
8)

 
a 

1.
3 

(±
0.

5)
 

ab
 

K+
(m

g 
dm

−
3 ) 

27
.8

 (
±

3.
1)

 
a 

45
.5

 (
±

3.
6)

 
a 

48
.3

 (
±

3.
8)

 
a 

59
 (
±

17
.7

) 
a 

Ca
2+

(c
m

ol
c 

dm
−

3 ) 
2.

2 
(±

0.
2)

 
b 

2.
2 

(±
0.

2)
 

b 
2.

7 
(±

0.
3)

 
ab

 
3.

1 
(±

0.
3)

 
a 

M
g2+

(c
m

ol
c 

dm
−

3 ) 
0.

9 
(±

0.
1)

 
a 

0.
9 

(±
0.

1)
 

a 
1.

0 
(±

0.
1)

 
a 

1.
0 

(±
0.

1)
 

a 
H

 +
A

l (
cm

ol
c 

dm
−

3 ) 
2.

4 
(±

0.
3)

 
a 

1.
5 

(±
0.

3)
 

a 
1.

9 
(±

0.
5)

 
a 

1.
7 

(±
0.

1)
 

a 
Ef

fe
ct

iv
e 

CE
C 

(c
m

ol
c 

dm
−

3 ) 
3.

2 
(±

0.
3)

 
b 

3.
3 

(±
0.

2)
 

b 
3.

9 
(±

0.
4)

 
ab

 
4.

3 
(±

0.
4)

 
a 

Po
te

nt
ia

l C
EC

 (
cm

ol
c 

dm
−

3 ) 
5.

5 
(±

0.
3)

 
ab

 
4.

7 
(±

0.
2)

 
b 

5.
8 

(±
0.

8)
 

ab
 

6.
0 

(±
0.

4)
 

a 
Ba

se
 s

at
ur

at
io

n 
(%

) 
57

.6
 (
±

4.
7)

 
b 

69
.6

 (
±

4.
6)

 
a 

68
.0

 (
±

4.
7)

 
ab

 
71

.7
 (
±

2.
6)

 
a 

O
rg

an
ic

 m
at

te
r 

(d
ag

 k
g−

1 ) 
4.

7 
(±

1.
3)

 
a 

5.
3 

(±
0.

8)
 

a 
5.

7 
(±

1.
6)

 
a 

5.
4 

(±
1.

2)
 

a 

Sa
m

e 
le

tt
er

s 
in

 e
ac

h 
ro

w
 in

di
ca

te
 a

bs
en

ce
 o

f s
ta

tis
tic

al
 d

iff
er

en
ce

s 
be

tw
ee

n 
tr

ea
tm

en
ts

, a
cc

or
di

ng
 to

 th
e 

Tu
ke

y 
te

st
 (

p 
<

0.
05

). 
Va

lu
es

 in
 p

ar
en

th
es

es
 r

ep
re

se
nt

 th
e 

m
ea

n 
st

an
da

rd
 e

rr
or

. 

F.M. Santos et al.                                                                                                                                                                                                                               



Forest Ecology and Management 482 (2021) 118854

9

remnants from the forest formation previous to agricultural/anthropic 
use of the experimental area, such as B. ferruginea and species of Lecy-
thidaceae (Lecythis lurida and Couratari sp.) which were found in T2 and 
T4, all of them resprouting from stumps (with multiple stems). This 
represents the ecological memory, since they hardly establish in open 
and abandoned farmlands. Many species of Lecythidaceae are dispersed 
by bats, birds, rodents, and primates (Faria et al., 2006). In addition, 
they may act as natural perches and play a relevant role for in restoring 
abandoned farmlands (Chazdon, 2014; Nepstad et al., 1991; Piotto et al., 
2009; Vilela et al., 2012). 

4.2. Management effects on biomass, C, and nutrients accumulation by 
the regenerating community 

The litter stocks were influenced by the type of management of RC. 
The application of glyphosate reduced the living soil cover for at least 4 
to 6 months and caused a reduction in the litter stocks in T1 treatment, 
compared to the other treatments. Consequently, the contents of all litter 
macronutrients in T1 were significantly reduced, with exception of K. 
Due to the fact of the elimination of the RC in treatment T1, the litter 

layer was composed by non-woody, little lignified and easily decom-
posable material, coming predominantly from herbaceous species. The 
results suggest that part of such nutrients was quickly mineralized and 
uptaken by African mahogany trees. This fact can be evidenced by the 
high growth index of both species in treatment T1, right after the 
regenerating plants desiccation (Santos et al., 2020). However, the 
absence of statistical differences in the stocks of all macronutrients in the 
biomass of regenerating plants (level I) also indicates that another part 
of these nutrients may be reuptaken by the regenerating plants that 
colonized the areas of this treatment. If new herbicide applications are 
not performed, it is possible that litter biomass and litter nutrient stocks 
recover in the short term. 

On the other hand, upon allowing secondary succession to be 
expressed in the sites, there was a greater accumulation of aboveground 
biomass in treatments T2 and T4 (ranging from 10 to 12 Mg ha− 1 of dry 
matter). It is worth noting that there were two events of pruning and 
thinning of mature shrubs and trees in these treatments, whose the last 
event was approximately 12 months before biomass stock assessments. 
This fact suggests a rate of aboveground biomass between 3 and 5 Mg 
ha− 1 year− 1, considering only the biomass of plants at level II (trees and 

Fig. 4. Principal component analysis (PCA) of the variables associated with microbial activity in the experimental treatments.  

Table 7 
Soil microbial and biochemistry variables at 58 months after planting.  

Variable* (unit) Treatments 

T1 T2 T3 T4 

MBC (mg kg− 1) 47.70 (±0.64) a 53.78 (±1.15) a 50.35 (±1.07) a 50.79 (±3.06) a 
SBR (mg C-CO2 kg− 1 d− 1) 3.65 (±0.32) b 5.99 (±0.68) a 6.26 (±0.65) a 6.21 (±0.88) a 
qMic (%) 0.24 (±0.07) a 0.19 (±0.04) a 0.19 (±0.05) a 0.19 (±0.05) a 
FDA (µg fluorescein g− 1 h− 1) 63.89 (±3.31) a 70.55 (±1.87) a 99.67 (±30.09) a 100.48 (±35.24) a 
β-glicosidase (μg p-nitrophenol g− 1 h− 1) 34.57 (±2.81) c 40.74 (±1.73) b 53.64 (±8.58) a 45.35 (±1.01) ab 
Fosfatase (μg p-nitrophenol g− 1 h− 1) 873.70 (±50.54) a 803.77 (±38.47) a 872.7 (±140.3) a 754.04 (±85.63) a 
Arilsulfatase (μg p-nitrophenol g− 1 h− 1) 147.87 (±6.31) a 150.95 (±9.18) a 163.68 (±21.96) a 169.77 (±11.77) a 

*MBC: microbial biomass carbon; SBR: soil basal respiration; qMIC: microbial quotient (MBM / SOC); FDA: hydrolysis of fluorescein diacetate. 
Same letters in each row indicate absence of statistical differences between treatments, according to the Tukey test (p < 0.05). Values in parentheses represent the 
mean standard error. 
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shrubs). Taking into account a half-life of 12 months for the litter and 
that regenerating plants at level I quickly reestablish themselves (<6 
months), the biomass production rates after intervention (mowing, 
pruning and thinning) reached values between 8 and 10 Mg ha− 1 year− 1. 

In the humid tropics, Szott et al. (1999) reported that the biomass 
accumulation rate in fallow areas may vary from 4 to 15 Mg ha− 1 year− 1 

during the first ten years after abandonment. According to Poorter et al. 
(2016), the secondary forests in the Neotropical region have the po-
tential to accumulate approximately 120 Mg ha− 1 of aboveground 
biomass, up to 20 years of age, which represents a rate of 6 Mg ha− 1 

year− 1. In southern Bahia, Becknell et al. (2018) estimated through 
airborne LiDAR that biomass accumulation rate can reach approxi-
mately 15 Mg ha− 1 year− 1 in the first 10 years of age but with a wide 
variation of biomass accumulation rates. Despite methodological dif-
ferences to assess biomass accumulation rates, our results show that the 
estimates obtained in the successional agroforestry systems are similar 
to the rates found for secondary forests in the region. 

The highest biomass production and the greatest enrichment of N, P, 
K, Ca and Mg in the aboveground biomass of the natural regeneration of 
T4, in relation to those of T2, suggest that they may be benefiting from 
the residual nutrients applied to the agroforestry species through 
fertilization, as it was observed for African mahogany trees (mainly for 
K. ivorensis – (Santos et al., 2020)). This fact allows greater efficiency in 
the conservation of nutrients in organic structures of regenerating spe-
cies, especially for those nutrients with higher mobility in the soil (N and 
K, for example) and more subject to leaching losses. In practice, it means 
that the inorganic nutrients once not uptaken by the cultivated agro-
forestry species are then returned in organic form through the pruning 
and deposition of fresh biomass around the agroforestry species. 

The diversity of species with different nutrient contents, besides to 
the exploitation of differentiated soil layers, can contribute to enhance 
nutrient conservation (Chazdon, 2014). Among the regenerating taxo-
nomic groups (level II) and with high dominance in the natural regen-
eration, there are key species that may be recommended to be tended in 
agroforestry systems. These species have a high capacity to accumulate 
certain nutrients in their tissues (Supplementary data 1A to 3A), which 
can often be added to the system via fresh biomass deposition, origi-
nated from prunings. These pruning residuals have distinct and com-
plementary chemical qualities. These characteristics are desirable for a 
suitable biogeochemical cycling mediated by decomposing microor-
ganisms, mainly in soils degraded by agricultural activity (Cezar et al., 
2015; Vieira et al., 2009). 

The species S. crinitum had, on average, high levels of N, P, Ca and Mg 
in its aboveground tissues. On the other hand, it presented lower levels 
of K and S, which were found in higher concentration in tissues of other 
species such as Mikania sp., B. ferruginea and C. scorpioides (Supple-
mentary data 1A to 3A). However, the greatest contribution to the 
nutrient accumulation was provided by the dominant species in terms of 
cover. B. dracunculifolia accumulated the highest quantities of all nu-
trients among the shrubs, although the nutrient contents in its tissues 
were not so high as the other shrub species (Supplementary data 1C to 
6C). V. guianensis, C. pachystachya and Inga sp stand out as the main 
nutrient accumulators. V. guianensis and C. pachystachya played an 
important role in nutrient accumulation, contributing to >60% of the 
total of all nutrients accumulated in live aboveground biomass (Sup-
plementary data 1C to 6C). 

The case of Inga sp. is particularly interesting as its tissues are usually 
more N-enriched because of symbiotic nitrogen fixation. In a hypo-
thetical situation, upon performing a drastic pruning of a single tree of 
Inga sp. with medium size (crown area of 30 m2, 13 kg of dry matter of 
leaves, 18 kg of branches and 20 kg of trunk – real proportions obtained 
in a field sample), a total of 0.54 kg of N (organic) could be generated to 
be deposited on the soil surface. However, the stoichiometric ratios of N: 
P of Inga sp. tissues were the highest among the regenerating species of 
this study, suggesting that the decomposition may be slower due to the 
low availability of P for the decomposing organisms (Hättenschwiler 

et al., 2005; Hättenschwiler and Jørgensen, 2010; Santos et al., 2017). 
However, if they are mixed with other regenerating species residues that 
accumulate larger amounts of P (C. pachystachya, for example), the 
decomposition and release of nutrients for agroforestry species of in-
terest may be accelerated. 

The management of the RC also allowed a greater accumulation of C 
in the aboveground biomass. Hughes et al. (1999) observed that C 
contents in different aboveground compartments (including litter) in the 
regenerating forests in Mexico, varied from 41% to 48%. For the purpose 
of calculation, an average C content equivalent to 45% was considered 
in this study. Based on the aboveground biomass values (including the 
biomass of the regenerating plants and litter stocks), T2 and T4 accu-
mulated 3.6 and 4.5 Mg of C ha− 1 year− 1, respectively. On the other 
hand, for T1 and T3 the values ranging from 1.5 Mg of C ha− 1 year− 1 to 
2.25 Mg of C ha− 1 year− 1, respectively. According to Chazdon (2014), 
the C accumulation rate can range from 2 to 3.5 Mg of C ha− 1 year− 1 in 
secondary forests under 20 years of age. Becknell et al. (2018) found 
values close to 7 Mg of C ha− 1 year− 1 in secondary forests in the southern 
region of Bahia (up to 10 years old). Edaphoclimatic factors, duration 
and type of prior land use may influence the carbon and biomass 
accumulation rates in the regenerating tropical forests (Uhl et al., 1988). 
It is worth pointing out that in this calculation, biomass of rare and less 
important species was not considered. However, the estimates of this 
study have shown that the selective management of natural regeneration 
allowed to double C accumulation rate of the aboveground biomass in 
the first five years. 

4.3. Management effects on soil quality 

Because of the time elapsed from the implantation of the experiment 
to the evaluation period of this study, no conclusive evidences have been 
found yet regarding improvements in the soil nutrient concentrations 
between treatments with or without selective management of natural 
regeneration. The highest levels of P and soil bases (Ca, Mg and K) in 
agroforestry systems treatments (T3 and T4) were possibly due to 
fertilization operations of fruit species cultivated in the inter-rows and 
among the African mahogany trees. However, the species diversity, 
structural complexity and pruning management in treatments T2 and T4 
can bring possible benefits to soil fertility in the medium and long term 
(Markewitz et al., 2004). Over the years, the regenerating species can 
explore the deeper layers of the soil and can recycle part of the nutrients 
lost by leaching, which can return to the soil surface through litter 
deposition and/or pruning and thinning management. In addition, early 
successional plants contribute to the local agroecosystem and facilitate 
the establishment of subsequent species along the successional trajec-
tory. These plants accumulate C and nutrients in their biomass, and 
return them through the litter (above-and belowground) deposition, 
contributing to the increase of organic matter and other chemical soil 
attributes (Chazdon, 2014). One of the first indications of these changes 
concerns the highest effective cation exchange capacity values presented 
by T4 treatment, especially in relation to T1 (Table 6). These results 
suggest that the soil has increased its capacity to exchange bases with 
the soil solution, due to the increased loads provided by the organic 
matter enrichment in the system (Canellas et al., 2008). 

The management of successional agroforestry systems has been 
described previously as a promising alternative for the soils recovery 
exhausted by farming activity. Peneireiro (1999) carried out a 
comparative analysis between a 12-year area of successional agrofor-
estry systems and a fallow area in the northeastern Brazil. Both were 
established in abandoned areas of successive cycles of cassava crops 
(Manihot esculenta Crantz.) with typically dystrophic soils. It was found 
that the management of pruning and selective weeding contributed to 
increase soil fertility levels, in relation to the areas of fallow (control), 
especially for P content, and sum and saturation by bases. In addition, it 
is noteworthy that the effective cation exchange capacity of the soil in 
successional agroforestry area was 2.5 times higher than the control 
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area. 
Unlike soil chemical attributes, some indicators associated to mi-

crobial activity were more sensitive to changes caused by the manage-
ment of natural regeneration. Such indicators are often used to evaluate 
impacts on soil quality due to land use and management (Acosta-Mar-
tínez et al., 2007; Silva et al., 2012). The analysis of principal compo-
nents, which was used here to evaluate the biochemical profile of the 
soil, showed that the T1 treatment was significantly discriminated from 
the other treatments along the first principal component (PC1) (Fig. 4). 
The β-glucosidase activity and the soil basal respiration were the vari-
ables that most correlated with PC1 and contributed to the biochemical 
differentiation of the soil between T1 and the other treatments. 

According to Turner et al. (2002), β-glucosidases act at the ending 
phase of cellulose transformation, producing substrates more easily us-
able by the soil microbial community in later phases of decomposition. 
Organic matter has a direct influence on the activity of β-glucosidase, 
since it provides substrate for the action of these enzymes and also 
protects them through the formation of humic-enzyme compounds 
(Deng and Tabatabai, 1997). Thus, the results of the present study 
suggest that the decrease in β-glucosidase activity was associated with 
the reduction of living soil cover and litter stocks promoted by the 
herbicide application. On the other hand, greater β-glucosidases activ-
ities were detected in treatments where management activities did not 
impact litter stocks and at the same time contributed to a greater 
deposition of fresh organic matter through mowing (selective or not) 
and/or pruning, which indicate benefits to the soil C cycling. 

4.4. Management effects on other ecosystem functions 

The greater diversity and abundance of regenerating species could 
attract and maintain pollinating populations (Menz et al., 2011). Among 
the trees and regenerating shrubs of this study, there were several 
taxonomic groups pollinated by bees and/or other insects (Table 8). The 
flowers of V. guianensis, Mikania sp., C. scorpioides are constantly visited 
by several species of bees (Table 8). Whereas, B. dracunculifolia is a plant 
frequently visited by bees seeking resins present in the leaf primordia to 
manufacture green propolis, a raw material used in the hives covering 
(Table 8). The presence of B. dracunculifolia and other bee plants in the 
landscape may provide basic resources for increasing bee abundance 
and diversity within the agroecosystem. Collectively, these insects also 
play a fundamental role in pollination of fruit species cultivated in the 

agroforestry systems of this study. 
Besides to serve as natural perches, some species also produce fruits 

that are dispersed by wildlife, mainly by birds and mammals, such as 
Inga sp., S. crinitum and C. pachystachya (Table 8). The constant presence 
of these animals contributes to the increase of seed rain, favoring the 
propagation of these species and the recruitment of new species in the 
agroforestry system (Chazdon, 2008). 

More complex productive systems, such as successional agroforestry 
systems, provide a greater number of habitats and niches that favor the 
presence of natural enemies of pests (Young, 2017). In addition, struc-
tural diversity and complexity make attacks of pests more difficult. For 
example, one of the main pests of African mahogany is Hypsyphylla 
grandella, a microlepidoptera that attacks mainly the apical buds and 
causes bends and economic losses, especially during the initial phase of 
growth, when the plants are monopodial and have not formed its crown 
yet. In theory, the most diverse systems with several strata make it 
difficult to locate the host plants of African mahogany, either by creating 
physical obstacles or by interfering in the perception of the chemical 
signs that guide the moth (Opuni-Frimpong et al., 2014). 

The selective management of the RC also allowed the establishment 
and growth of pioneering species that contribute to environmental 
regulation and at the same time favor the advance of secondary suc-
cession. Many of the species found at level II of the RC create micro- 
habitats for the planting of enrichment of other shade-tolerant species 
(Euterpe edulis, for example) in the future phase, or even for those 
introduced by the seed rain. In addition, some regenerating species 
provide medicinal products, as well as alternative fibers and foods that 
can be domesticated and commercially exploited. B. ferruginea, for 
example, is a palm tree native species in the southern region of Bahia, 
Brazil (Lorenzi et al., 2004) and may provide edible fruits and palm 
hearts (Table 8). Thus, the management of the RC contributes to the 
formation of high diversity agroforestry systems, which provide greater 
food security and productive seasonality for farmers, and several envi-
ronmental services. 

5. Conclusions 

The single application of the herbicide (glyphosate) caused a trans-
formation in the floristic composition and richness of the regenerating 
community (RC) of T1, previously dominated by a small group of grasses 
and fern species. After desiccation with glyphosate, reductions in litter 
and soil cover were observed in this treatment. On the other hand, in 
addition to the greater diversity, it is observed that the regenerative 
management of T2 and T4 promoted a greater accumulation of biomass 
and C, in relation to the treatments with conventional management. The 
incorporation of fresh biomass from pruning and mowing contribute to a 
higher activity of enzymes associated to the C cycle, with positive effects 
on soil fertility in the medium and long term, especially in relation to T1. 

The selective management of RC also promoted the increase of the 
diversity of taxonomic groups (in addition to those of agroforestry in-
terest) and enhanced the provisioning of other ecosystem goods and 
services within the agroecosystem, with the supply of other types of food 
and fibers, pest control, pollinators’ attraction and environmental 
regulation, among the most relevant ones. The management descripted 
in our study could be a grateful tool to forest restoration in the tropical 
abandoned farmland. 
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Silva, L.S., Canellas, L.P., Camargo, F.A.O. (Eds.), Fundamentos Da Matéria Orgânica 
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